Abstract: An Indonesian marine bacterial isolate, which belongs to genus of Bacillus sp. based on 16S rDNA analysis and was identified as Bacillus filicolonicus according to its morphology and physiology, produced a raw starch degrading α-amylase. The partially purified α-amylase using a maize starch affinity method exhibited an optimum pH and temperature of 6.0 and 60
Introduction
A critical step in starch hydrolysis is its solubilization at high temperatures, followed by liquefaction using thermostable amylases. A major reduction in energy demand in starch hydrolysis process can be achieved by avoiding starch solubilization and liquefaction at high temperatures by hydrolysis of granular starch at lower temperature using raw starch degrading α-amylase. The availability of suitable raw starch binding and degrading α-amylases is currently very limited and they are largely identified in silico as putative enzymes via genome sequence analysis (Machovic & Janecek 2006) . Approximately only 10% of all amylolytic enzymes possess a distinct domain that facilitates binding to raw starch (Janecek & Sevcik 1999) .
α-Amylase (EC 3.2.1.1) from the family 13 of glycoside hydrolases cleaves internal α-1,4-glycosidic linkages in polysaccharides producing oligosaccharides and α-limit dextrins (van der Maarel et al. 2002) . α-Amylases are multidomain proteins which consist of three main domains, domain A, B, and C (MacGregor et al. 2001 ). The structure of domain A is a (β/α) 8 -or TIM-barrel which contains two aspartates and one glutamate as the catalytic residues. Domain B is a long loop located between the third β-strand and the third α-helix of the TIM-barrel and forms an irregular β-like structure. Domain C constitutes the C-terminal part of enzyme and is made up of β strands.
A few α-amylases contain additional domain named as a starch-binding domain (SBD) which has function to bind starch granules. SBDs are found in bacterial and fungal α-amylases (Janecek & Sevcik 1999) . This domain is usually localized at the C-terminal end of enzymes. However α-amylase from Thermoactinomyces vulgaris has SBD at the N-terminus (Abe et al. 2004) . Bacillus sp. IMD 434 degrades raw starch without adsorbing onto raw starch (Hamilton et al. 1998) . Furthermore, it should be noted that there are few amylolytic enzymes capable of binding and degrading raw starch without a specialized functional domain (Hamilton et al. 1998) .
Properties of α-amylases vary and reflect the growth environment of the producing organism. Indonesia largely consists of a marine biosphere (70% of total area) that is an extremely rich natural habitat. We have screened this marine habitat for bacteria producing α-amylase enzymes. Forty-four of 267 isolates gave large clear zone on a iodine-strach plate assay and their α-amylase activities were measured at 37
• C for 66 hours in liquid culture (D. S. Retroningrum & D. Natalia, unpublished data). Two high producers were identified by 16S rDNA-based approach and based on their partial 16S rDNA nucleotide sequence, they have been identi-1048 K. Vidilaseris et al.
fied as Bacillus sp. This current work focuses on the isolate ALSH3 that was obtained from Cilauteuren, West Java, Indonesia. It was isolated from sea water about five meters from the shoreline.
α-Amylases previously characterized from Bacillus sp. strain differ with respect to their molecular weights, and their optimal pH and temperature values. In this paper we demonstrate a further distinguishing feature, degradation of granular raw starch, by an α-amylase from the marine Bacillus sp. ALSHL3 isolate.
Material and methods

Bacterial identification
An α-amylase producing bacterium was isolated in pure culture from sea water samples collected from Cilauteuren, Pameungpeuk, Garut in West Java, Indonesia. The isolate was grown in marine broth (MB) medium containing yeast extract 0.3% (b/v), peptone 0.5% (b/v), bacto agar 2% (b/v) and sea water at 37
• C. Bacteriology determination of isolated strain was determined according to the methods described in Bergey's Manual of Determinative Bacteriology (Buchanan et al. 1974) Chromosomal DNA was isolated using Wizard Genomic DNA Purification (Promega). The 16S rDNA gene was amplified by PCR using universal primers UniB1 and BactF1. The resulting 1.4 kb fragment was sequenced using dye-end terminator (Macrogen, Korea).
Time course for enzyme production A 1% (v/v) Bacillus sp. ALSHL3 overnight culture was transferred into 100 mL MB medium containing 0.1% soluble starch (Sigma) and incubated in a shaking incubator (150 rpm) at 37
• C for 20 h. In time, samples were taken for measurement of cell density (at 600 nm) and α-amylase activity. The culture supernatant was collected by centrifugation (11,100 × g for 3 min) and the α-amylase activity was determined.
Raw starch affinity purification Purification of α-amylase was conducted according to Najafi & Kembhavi (2005) with slight modification. A 5% (w/v) maize starch granule (Maizena, Honig) suspension in aquadest was incubated for 10 min at room temperature to wash the starch and then centrifuged at 11,100 × g for 10 min. A 200 mL of crude enzyme was mixed with the starch suspension and shaken gently for 50 min at 10
• C. The mixture was centrifuged at 11,100 × g for 10 min at 4
Unbound enzyme was washed with 20 mM Tris-Cl buffer pH 7.0. Bound α-amylase was released by incubating with 20 mM Tris-Cl buffer pH 7.0 at 50
• C for 30 min. The suspension was sentrifuged at 11,100 × g for 10 min and the supernatant was colected and used for the α-amylase characterization. The enzyme was concentarated by Centricon MWCO 30 kDa (GE) at 8,000 × g. The unbound and bound amylases were subjected to protein gel electrophoresis and gel activity staining.
Enzyme assay DNS assay. The reducing sugar of α-amylase was determined by the dinitrosalicylic acid (DNSA) method (Miller 1959) . A 25 µL of enzyme (10,671 U/mg) was mixed with 25 µL of 0.75% (w/v) soluble starch (Sigma) dissolved in 50 mM universal buffer pH 6.0 at 60
• C for 10 minutes. α-Amylase activity was stopped by addition of 50 µL DNSA reagent. The reaction mixture was then incubated in boilled water for 10 min. Subsequently, the reaction mixture was cooled down until reach room temperature and the absorbance at 500 nm was measured. One unit of the α-amylase activity is defined as the amount of enzyme that releases the amount of reducing sugar equivalent to 1 µmol of reducing sugar under the assay conditions. All assays were conducted in triplicates. D-glucose was used as a standard.
Iodine method. Fuwa method (Fuwa 1954 ) was used to determine the effect of CaCl2 concentration on the α-amylase activity. A 50 µL of enzyme (44,464 U/mg) was mixed with 50 µL of 0.125% (w/v) soluble starch (Sigma) dissolved in 50 mM universal buffer pH 6.0 at 60
• C. One unit of the α-amylase activity was defined as the amount of enzyme that produced 10% reduction in starch-iodine staining after 10 min of incubation under the experimental conditions. All assays were conducted in triplicates.
Effect of pH and temperature on α-amylase activity The optimal pH of α-amylase activity was determined using DNSA method by evaluating the hydrolysis reaction in the range of pH 4.0-10.0 using 50 mM universal buffers (succinic acid, NaH2PO4, glycine) at 60
• C. The optimal temperature of α-amylase activity was determined by evaluating the hydrolysis reaction in the temperature range of 27-90
• C at pH 6.0.
Effect of sodium and calcium ions on α-amylase activity
Influence of sodium and calcium ions on the α-amylase activity was determined by pre-incubation of the enzyme with different ions concentration at room temperature for 10 min. The controls were reaction mixture without ions. The activity of α-amylase was then determined using DNSA assay (Miller 1959 ) and Fuwa assay (Fuwa 1954) for the effect of sodium and calcium ions, respectively.
Protein concentration, SDS-PAGE and zymography analysis Protein concentration was determined by the Bradford method (Bradford 1976 ) using bovine serum albumin as a standard (Bio-Rad protein assay). SDS-PAGE was carried out according to Laemmli method (Laemmli 1970) . The proteins were stained using Blue stain (BioRad). Gel staining activity was performed by incubating the gel from native-PAGE or SDS-PAGE in solution containing 1% soluble starch in 50 mM universal buffer pH 6.0 at temperature 50
• C for 30 min. The gel was then dipped in iodine solution for 10 min. The amylase activity was shown with the appearance of clear zone in the gel (Lo et al. 2002) . Pre-stained protein ladder (PageRuler TM , Fermentas) was used for the α-amylase molecular determination using SDS-PAGE.
Scanning electron microscopy A mixture of 5% (b/v) granular raw starch suspension and α-amylase (31.4 U) was incubated at 37
• C for 4 days. The mixture was centrifuged at 11,100 × g and the pellet was washed three times with 95% ethanol followed by drying at 35
• C for 18 h. Treated starch granules were attached to SEM holder and then coated with Au-Pd (80-20) using Ion Sputter JFC-110 at 1.2 KV and 6 mA for 4 min. Samples were inserted into specimen chamber SEM (JSM-35C) and the pictures were taken. 
Mode of action
Twenty µL of α-amylase enzyme (31.8 U/mL) was added to 100 µL soluble starch 1% (w/v) and incubated at 60
• C. Samples were removed at fixed time intervals. Products in the reaction mixture were analyzed by thin layer chromatography with a stationary phase of silica gel and a solvent system containing buthanol:ethanol:water (5:5:3). Starch product spots were visualized by spraying plates with 50% (v/v) H2SO4 in methanol and drying at 110
• C for 10 min.
Kinetic determination
Initial reaction rates using soluble starch as substrate were determined at substrate concentration of 5-17.5 mg/mL in 50 mM universal buffer pH 6.0 at 60 • C. The kinetic constants, Km and Vmax, were estimated using linear regression plots of Lineweaver and Burk.
Results and discussions
Identification of ALSHL3 isolate was determined according Bergey's Manual of Determinative Bacteriology (Buchanan et al. 1974 ). Colony of the strain has filamentous, umbonate, opaque, and cilcular-irregular shape. The cell has stem form, producing endospore, and include to Gram-positive bacteria. Based on its morphology and physiology (Table 1) , the ALSHL3 isolate was identified as Bacillus filicolonicus. Molecular identification using 16s rDNA sequence comparison shows that the isolate ALSHL3 has 99% identity with B. subtilis and B. amyloliquefaciens. Since the isolate ALSHL3 has different morphology and physiology than B. subtilis and B. amyloliquefaciens, it can be considered as a different Bacillus species. To confirm the phylogeny of ALSHL3 isolate, further chemotaxonomic studies have to be performed. Bacillus sp. ALSHL3 grown in MB produced the α-amylase extracelularly and the addition of soluble starch to the production medium resulted in a fourfold increase in activity (data not shown). The amylase activity was detected from early stages of growth, and the values increased exponentially towards the stationary phase (Fig. 1) .
The enzyme was partially purified by maize raw starch affinity method. Gel activity staining of the culture supernatant of Bacillus sp. ALSHL3 separated on native gel electrophoresis revealed two kinds of α-amylases (Fig. 2a, lane 1) . The upper α-amylase bound to starch granules, while the lower α-amylase was unable to bind to starch granules (Fig 2a, lane 2) . We have also observed that the lower amylase intensity increases after prolonged storage (data not shown). The molecular weight of partially purified α-amylase (a) (b) Fig. 3 . Effect of pH and temperature on overall α-amylase activities in Bacillus sp. ALSHL3. was determined through gel staining activity of protein separated on SDS-PAGE. Figure 2b (lane 4) illustrates that the raw starch degrading amylase of Bacillus sp. ALSHL3 has molecular weight approximately 72 kDa. α-Amylase from genus Bacillus usually appeared as a monomer with a molecular weight in the range of 68.0 to 76.0 kDa (Gupta et al. 2003) . Taken together, it can be considered that Bacillus sp. AL-SHL3 produces a new type of raw starch degrading α-amylase. α-Amylase activity was relatively low at pH 4.0 (Fig. 3a) . At pH 5, 7, and 8, the enzyme has relative activities of 86, 92, and 79% of its maximum activity, respectively. The optimum activity of this enzyme is at pH 6.0. The activity decreased dramatically at pH 9.0 and 10.0. α-Amylase from B. amyloliquefaciens exhibits maximum activity at pH of 6.0 (Demirkan et al. 2005) and the α-amylase of Bacillus sp. PS-7 with optimum pH of 6.5 also maintained high activity at pH range of 5.0-8.0 (Sodhi et al. 2005) . B. subtilis 65 also produced α-amylase with optimum pH at 6.0 and stable in the pH range of 6.0-9.0 (Hayashida at al. 1988) . The use of the α-amylases that are active over wide pH range is attractive since in many industrial processes pH is not so strictly controlled as in a laboratory.
The α-amylase was assayed at different temperatures ranging from 27 to 90
• C (Fig. 3b) . Enzyme activity increased with temperature to reach an optimum at 60
• C. The enzyme maintained 96% of its activity at 70
• C. The α-amylase of Bacillus sp. ALSHL3 thus has an optimal temperature similar with those reported for Bacillus sp. PS-7 (Sodhi et al. 2005) and B. subtilis 65 (Hayashida et al. 1988) .
The isolated α-amylase was found to be moderately salt-tolerant. Enzyme retained almost 95% and 91% of its activity in presence of 100 mM and 500 mM of NaCl, respectively (Fig. 4a) . The enzyme still retained 72% of the maximum activity in the presence of 1.5 M NaCl. The amylase from fungal Mucor sp. associated with marine sponge Spirastrella sp. increased its activity upon the addition of 340 mM NaCl and only 48% of the maximum activity was left when the NaCl concentration was increased to 1.5 M (Mohapatra et al. 1998) . Maximum amylase activity of Bacillus sp. strain TSCVKK was achieved at 1.7 M NaCl that denatured above the 1.7 M NaCl (Kiran & Chandra 2008) . Bacillus sp. ALSHL3 α-amylase could be then of great potential to be used in many harsh industrial processes. Being isolated from sea water it is not surprising that Bacillus sp. ALSHL3 is able to tolerate salinity.
Most of the α-amylases are known to be Ca 2+ -dependent enzymes. However, Bacillus sp. ALSHL3 α-amylase activity did not increase in the presence 5.0-10.0 mM CaCl 2 (Fig. 4b) . Interestingly, only 15% reduction of enzyme activity was observed upon the addition of 100 mM CaCl 2 . Calcium-independent α-amylase of B. thermooleovorans NP54 (Malhotra et al. 2000) has also been reported.
To characterize the mode of action of the α-amylase Bacillus sp. ALSHL3 in starch hydrolysis, the products were analyzed by thin layer chromatography. Soluble starch was converted into maltose, maltotriose, and maltotetraose (Fig. 5) . After 20 h of incubation, the most dominant product was maltose followed by maltotriose and glucose (data not shown). Extracellular α-amylase of B. subtilis SUH4-2 (AmyE) also has similar end product (Cho et al. 2000) . This suggests that the α-amylase of Bacillus sp. ALSHL3 has ability for liquefaction and saccharification simultaneously.
The capability of the Bacillus sp. ALSHL3 α-amylase to hydrolyze raw starch was studied by incubating the enzyme with a starch granule suspension in phosphate buffer (pH 7.0) at 37
• C for 96 h. Scanning electron microphotographs (Fig. 6) showed that the α-amylase attacked starch granules from various plants in different ways, resulting in several hydrolysis patterns. The enzyme action resulted in large and deep holes on the surface of rice starch granules compared to maize starch granules. No holes were observed on the surface of cassava starch granules treated with the α-amylase; instead the enzyme degraded cassava starch at the periphery only. These different patterns of hydrolysis may reflect the different shapes, sizes and morphology of starch granules, reflecting their plant origin (Robyt 1998) . Indeed, rice and maize produce starch in seeds, while in cassava starch is present in roots only.
The kinetic parameters K m and V max of the enzyme was determined from the Lineweaver-Burk dou- ble reciprocal plots of the α-amylase activity at 60
• C using various concentration of soluble starch as substrate (Fig. 7) . Apparent K m of the α-amylase from Bacillus sp. ALSHL3 was 4.79 mg/mL, V max was 0.322 mM/min. The K m values obtained in the present study are higher than those observed for B. amyloliquefaciens (1.92 mg/mL) (Demirkan et al. 2005) , B. subtilis AX20 (3.3 mg/mL) and B. licheniformis α-amylase (0.9 mg/mL) (Ivanova et al. 1993 ). Therefore, the α-amylase from Bacillus sp. ALSHL3 has less affinity for the soluble starch compared to other reported α-amylases.
In conclusion, the novel raw starch degrading α-amylase from marine Bacillus sp. ALSHL3 is a potential candidate for application in the starch processing industry and other biotechnological processes since it is thermotolerant, has the ability to act at a broad pH range and tolerates high salinity. In the future it will be essential to perform further molecular characterization in terms of both the gene and the protein to fully understand the nature of the α-amylase from the marine Bacillus sp. ALSHL3.
